1. Introduction
===============

Hepatitis E virus, a member of the genus *Hepevirus* under the family *Hepeviridae*, has caused several outbreaks in developing countries and has prevalence in developed countries. HEV is transmitted predominantly by a fecal-oral route ([@bib2], [@bib15]); its prevalence is mainly waterborne. HEV is transmitted across species in humans, pigs, deer and rodents, and can cause experimental infection in chickens, cats and nonhuman primates ([@bib4], [@bib9], [@bib10], [@bib31], [@bib40], [@bib42]). Evidence has proven that HEV is a zoonotic virus, with pigs as the main reservoirs of HEV in nature. [@bib28] showed that veterinarians working with swine were at increased risk of HEV infection and HEV has been found in commercially available pig livers ([@bib8], [@bib5]). Travelers in endemic countries, including India, Nepal, China, Africa and Mexico are at high risk of infection with hepatitis E virus ([@bib1]). Therefore, it is urgent to develop an effective strategy for prevention of HEV infection.

Given that all four HEV genotypes (1--4) correspond to one serotype; vaccines may be helpful to control for HEV infections ([@bib41], [@bib14], [@bib10]). Purified polypeptide vaccine has completed a phase 3 trials ([@bib1], [@bib30]). The safety and efficacy of this recombinant vaccine were tested after three vaccine doses (at months 0, 1, and 6) in subjects in the Nepalese Army ([@bib36]). However, questions were subsequently raised, the exclusively male subjects and inconsistent data in humans and in rhesus monkeys ([@bib20], [@bib37]). Even if all of these questions are resolved, vaccinations (three times) will take 6 months, but susceptive animals (pigs or rodents) can transmit the disease as early as the first week post-infection and can continue to do so for at least several weeks ([@bib12], [@bib36]). Moreover, immune escapes can also occur as new virulent HEV variants evolve, as the case with severe acute respiratory syndrome coronavirus (SARS-CoV) evolved from human coronavirus ([@bib23], [@bib34]). In this respect, the mutational events in cell cultures that have been reported during the primary propagation and consecutive passages (p5, p10, and p13) reported in 2008 ([@bib26], [@bib39]) are particularly worrisome.

In this paper, RNA interference (RNAi) was used as a way of circumventing some of these issues regarding vaccines, such as high specificity and efficiency. RNAi is a phenomenon in which small double-stranded RNA molecules induce sequence-specific degradation of homologous single-stranded RNA ([@bib13]). RNAi is a powerful tool to investigate gene function through specific suppression of a particular mRNA, and has been employed in therapeutic studies of human diseases, including cancer, neurogenerative diseases and viral infectious diseases. Similar strategies were capable to reduce significantly SARS-CoV replication ([@bib3]) and hepatitis C virus mRNA accumulation ([@bib25]), which suggests that RNAi may be one of the most useful antiviral therapy strategies currently being investigated. As the field of RNAi has expanded, much research has been reported for many genes of interest, including oncogenes and viral genes, indicating their successful silencing in both cells and animal models ([@bib3], [@bib18], [@bib19], [@bib25]). There have also been a number of clinical trials using RNAi strategies, including one on age-related macular degeneration (AMD) ([@bib19]), and more applications are expected.

2. Materials and methods
========================

2.1. Construction of plasmids
-----------------------------

The HEV used in this study was characterized as genotype 4 HEV (GenBank accession no. [EF570133](ncbi-n:EF570133)) and was isolated from swine feces from the Shanghai, China. This was used as template for a reverse transcription nested polymerase chain reaction PCR (RT-nPCR) to amplify the HEV ORF2 gene. The ORF2 gene encodes the major structural or capsid protein of HEV ([@bib33]). The external forward primer and reverse primer were 5′-CGATTTTGCGCTTGAGCTTGA-3′ (P1) and 5′-TGGAGACCGAGCGCACGGCAC-3′ (P2), respectively. The internal forward primer and reverse primer were 5′-CTCGGCGGGCTCCCGACAG-3′ (P3) and 5′-AGGTGCGAGGACACCAACGGCAG-3′ (P4), respectively. RT-nPCR analysis was conducted using an AMV Reverse Transcriptase XL kit for RT-PCR (Takara, Tokyo, Japan) according to the manufacturer\'s directions. The RT-PCR protocol performed included a reverse transcription phase at 42 °C for 30 min and 85 °C for 15 s. Two microliters of the cDNA synthesized were then amplified by nested PCR at 94 °C for 2 min, followed by 94 °C for 30 s, 42 °C for 30 s and 72 °C for 1 min, and repeated for 29 cycles. The PCR products were detected by electrophoresis on agarose gel containing 0.5 μg/mL ethidium bromide. The amplified DNA fragment was inserted into the multicloning site of a eukaryotic expression vector pEGFP-N1 (Clontech, a gift from Dr. Wei Liu) which contains the reporter gene of enhanced green fluorescence protein (eGFP), using standard cloning procedures with the restriction sites of EcoRI and BamHI. The EGFP gene was located downstream of the target genes. The recombinant plasmid was named pEGFP-ORF2.

2.2. siRNA construction
-----------------------

Four 19 nt siRNAs with DNA ends corresponding to the target genes ([Fig. 1](#fig1){ref-type="fig"} ) were designed according to Qiagen\'s guideline ([http://www.qiagen.com](http://www.qiagen.com/)). The siRNA duplexes have been designed using the Hiperformance Design Algorithm licensed from Novartis AG, integrated with a stringent in-house homology analysis tool. The highest-ranking siRNA duplexes generated by the algorithm were chosen as representing the best combination of activity and specificity. Scrambled siRNA, constructed from a random sequence heterology with the HEV sequence, served as a negative control for identifying the specificity of HEV siRNA ([Table 1](#tbl1){ref-type="table"} ). The synthesized non-modified siRNAs were diluted with RNase-free buffer to obtain a 20 μM solution. The solution was denatured by heating at 90 °C for 1 min, incubated at 37 °C for 60 min, then either used immediately or stored at −20 °C in an RNase-free environment.Fig. 1Genomic structure of HEV and position of target siRNAs.Table 1Nucleotide sequences of siRNAs targeting ORF2 of HEV.siRNANucleotide sequencesi-ORF2-1(6775--6795 nt) Sense5′-r(UCC AGC AGU AUU CUA AGAC) dTdT-3′ Antisense5′-r(AGG UCU UAG AAU ACU GCU G)dTdT-3′  si-ORF2-2(6607--6627 nt) Sense5′-r(UUU CCC UGA CGG CUG CCG A) dTdG-3′ Antisense5′-r(AUU CGG CAG CCG UCA GGG A) dTdT-3′  si-ORF2-3(6866--6886 nt) Sense5′-r(UAA UUA UAA UAC UAC CGC C)dAdG-3′ Antisense5′-r(CTG GCG GUA GUA UUA UAA)-dTdT-3′  si-ORF2-4(7030--7050 nt) Sense5′-r(UUG AGU AUC CUG CUC GAGC) dTdC-3′ Antisense5′-r(GAG CUC GAG CAG AGU CA A) dTdT-3′  Scramble siRNA Sense5′-r(UUC UCC GAA CGU GUC ACG U)dTdT-3′ Antisense5′-r(ACGUGACACGUUCGGAGAA)dTdT-3′

2.3. siRNA and plasmid transfection
-----------------------------------

A549 (human lung carcinoma, ATCC, VA, USA) cell line was used in this study and maintained as described previously ([@bib16]). A549 cells were trypsinized and transferred to 500 μL antibiotic-free growth medium in 24-well plates at 0.5--2.0 × 10^5^/well. Cells were cultured 24 h before transfection. One microgram of pEGFP-ORF2 recombinant plasmid was diluted in 50 μL of serum-free DMEM medium, and mixed gently with 0.5 μL each of the five 20 nM siRNAs and 1.5 μL Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer\'s instructions in 50 μL of serum-free DMEM medium for 20 min, and then co-transfected to the cells. Meanwhile, each siRNAs were either co-transfected with pEGFP vector or transfected alone into A549 cells to test the interferon response. The optimal combination of four parameters for each cell line, including the highest transfection efficiency, the lowest non-specific effects, the conditions for the most efficient delivery of siRNA, and the concentration of Lipofectamine 2000, was first determined in preliminary experimentation. Four to six hours post-transfection, the culture medium was replaced with fresh complete medium and the cells were incubated at 37 °C for 48 h for mRNA detection, and 72 h for protein detection. To determine transfection efficiency, the EGFP fluorescence intensity of transfected cells was monitored with an inverted fluorescence microscope (Nikon TE2000, Tokyo, Japan) before Real-Time qPCR analysis. The efficiency of suppression of the HEV ORF2 gene by various HEV specific siRNAs was evaluated by fluorescence microscopy, Real-Time qPCR and Western blot. Specificity of the inhibition was confirmed by co-transfection of the pEGFP-ORF2 recombined plasmid with scrambled siRNA.

2.4. Live virus siRNA antiviral assays
--------------------------------------

HEV has been successfully cultured in A549 cells as previously described ([@bib16]). For HEV infection challenge, A549 cells were transfected with each of siRNAs (si-ORF2-1, si-ORF2-2, si-ORF2-3, si-ORF2-4, and scrambled siRNA) as described previously 24 h before the virus challenge. The viral challenge was performed as the previously described ([@bib16], [@bib38]). The virus at a viral count of 1--2 × 10^5^/mL as calculated by viral genomic titer determined by Real-Time quantitative PCR ([@bib24], [@bib17]) was inoculated into A549 cells, and CPEs were observed daily. The cells were harvested 48 h post-inoculation, when the CPE was observed, for Real-Time qPCR analysis (downstream of the target in ORF2), and 72 h for Western blot assay.

2.5. MTS assay
--------------

A549 cells (0.5--1 × 10^5^) per well seeded in 96-well plates were incubated as described above except that the amounts of siRNAs and virus/pEGFP in each well were one-fourth of those in 24-well plates. At 36 h post-infection/post-transfection, cell viability was assessed by adding 20 μg/well of CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS, Promega, WI, USA) to cell cultures according to the manufacturer\'s instructions. After 4 h incubation along with MTS, cells were determined in OD~492 nm~ and each performed in triplicate.

2.6. Real-Time qPCR analysis
----------------------------

Forty-eight hours post-inoculation with viruses, the culture medium was removed, and the cells were lysed by freeze--thaw three times. The total RNA was extracted by Trizol (Invitrogen, CA, USA) according to the manufacturer\'s directions and reverse transcribed into cDNA using an AMV Reverse Transcriptase XL kit. The synthesized first strand cDNA (2 μL) was added as a template for Real-Time qPCR using SYBR Premix Ex Taq™ (perfect Real-Time, Takara, Tokyo, Japan) according to the manufacturer\'s directions. The forward primer for ORF2 was 5′-CGCACCTCACTCTGCGCTG-3′ (6996--7008 nt), and reverse primer was 5′-ATTGGAAAGCGCAGCCCTG-3′ (7097--7079 nt). The mixtures were reacted at 95 °C for 30 s, followed by 95 °C for 5 s and 60 °C for 31 s repeated for 39 cycles. The product was expected to be 79 bp. The housekeeping gene GAPDH served as a loading control. The forward primer of GAPDH was 5′-TGGGCTACACTGAGCACCAG-3′, and reverse primer was 5′-AAGTGGTCGTTGAGGGCAAT-3′. The PCR protocol was same as the cells except repeated for 29 cycles. The Real-Time qPCR analysis was performed in the ABI PRISM 7000 Real-Time PCR System (ABI, CT, USA). All procedures were performed in triplicate and data are expressed as means ± S.D.

2.7. Western blot
-----------------

The infected A549 cells were harvested 72 h post-inoculation and lysed with buffer (50 mM Tris--HCl, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 1% Triton X-100, 1 μg/mL aprotinin, and 100 μg/mL PMSF). Equivalent amounts of total protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. After blocking non-specific-binding sites with 10% skim milk, the membrane was incubated with primary antibodies at 4 °C overnight. The primary antibodies used in this experimental were rabbit polyclonal anti-HEV (ABR, CA, USA, 1:500 dilution), and a rabbit polyclonal anti-GAPDH for loading control (Proteintech Group, CO, USA, 1:500 dilution). After washing with TBS buffer, the blots were incubated with HRP conjugated goat anti-rabbit IgG (Promega, WI, USA, 1:500 dilution) at room temperature for 2 h. The bands were then exposed to X-ray films with SuperSignal West Pico Trial Kit (Pierce, Rockford, USA).

3. Results
==========

3.1. Construction of HEV ORF2 plasmid
-------------------------------------

The 670 bp ORF2 fragment of HEV (6327--6997 nt) was amplified by RT-nPCR and introduced into the pEGFP-N1 vector with the restriction sites of EcoRI and BamHI to yield pEGFP-ORF2. The recombinant plasmid was identified by digestion with restriction enzymes (EcoRI and BamHI) and sequence.

3.2. Expression of HEV ORF2 protein and inhibition by siRNA
-----------------------------------------------------------

A549 cells transfected with pEGFP-ORF2 recombinant plasmid with each siRNAs were observed by fluorescence microscope at 36--48 h post-transfection ([Fig. 2](#fig2){ref-type="fig"} pEGFP-ORF2). The efficiency of transfection was confirmed by the highly expressed reporter gene EGFP protein. Fluorescence assays showed an obvious reduction effect induced by all HEV specific siRNAs except the scrambled one ([Fig. 2](#fig2){ref-type="fig"}), which suggested that a high efficiency and specificity of inhibition effects by siRNA had been achieved.Fig. 2Each of siRNAs co-transfected with pEGFP-ORF2/pEGFP in A549 cells. The expression of HEV ORF2 protein was observed 48 h post-transfection. HEV specific siRNAs induced an obvious reduction, whereas the expression level of EGFP protein co-transfected with scrambled siRNA showed no significant change. Each of siRNAs (si-ORF2-1 or si-ORF2-2) was co-transfected with pEGFP vector to test the interferon response. pEGFP-ORF2: pEGFP-ORF2 recombinant plasmid transfection alone; pEGFP+ si-ORF2-1: pEGFP vector co-transfected with si-ORF2-1; pEGFP+ si-ORF2-2: pEGFP vector co-transfected with si-ORF2-2; scrambled siRNA: pEGFP-ORF2 recombinant plasmid co-transfection with scrambled siRNA; si-ORF2-1: pEGFP-ORF2 recombinant plasmid and si-ORF2-1 co-transfection; si-ORF2-2: pEGFP-ORF2 recombinant plasmid and si-ORF2-2 co-transfection; si-ORF2-3: pEGFP-ORF2 recombinant plasmid and si-ORF2-3 co-transfection; si-ORF2-4: pEGFP-ORF2 recombinant plasmid and si-ORF2-4 co-transfection. Pictures were taken at 48 h post-transfection with a Nikon TE2000 fluorescence microscope.

3.3. MTS assay
--------------

To further study the effect of siRNAs on protecting A549 cells against HEV destruction, a MTS assay was performed. The OD values (mean ± S.D.) of solutions in wells treated with each siRNAs (si-ORF2-1, si-ORF2-2, si-ORF2-3, and si-ORF2-4) were shown in [Fig. 3](#fig3){ref-type="fig"} . For the absorbance at 492 nm is directly proportional to the number of living cells in culture, the number of living cells in a well treated with each of HEV specific siRNAs was more than that treated with scrambled siRNA or untransfected controls cells. Interferon response was not observed in A549 cells transfected with each siRNAs alone or co-transfected with pEGFP vector.Fig. 3Protection of A549 cells from HEV infection by siRNAs. RNAi inhibited A549 cells growth as determined by MTS assay. Cells transfected with HEV specific siRNAs, scrambled siRNA, and untransfected (infected) cells were served as controls. Absorbance was read at 492 nm and the results were obtained in triplicate wells. OD value shown is the mean ± S.D.

3.4. siRNA decreased the accumulation of HEV mRNA was dose-dependent
--------------------------------------------------------------------

The reduction of mRNA level of HEV was evaluated by Real-Time qPCR. The percentage of HEV mRNA in cells previously transfected with siRNA over that in cells inoculated with HEV alone was calculated according to Pfaffl method ([@bib32]). The suppression of HEV mRNA 48 h post-inoculation was decreased about 17.4-fold, 19.7-fold, 13.7-fold and 11.5-fold in cells transfected with 10 nM/well siRNAs (si-ORF2-1, si-ORF2-2, si-ORF2-3 and si-ORF2-4, respectively), while no significant changes were noted in cells transfected with scrambled siRNA ([Fig. 4](#fig4){ref-type="fig"}A). The GAPDH transcription level was rarely changed in either untransfected or transfected cells (data not shown).Fig. 4The suppression of HEV mRNA expression was dose-dependent. (A) The percentage of HEV mRNAs in A549 cells transfected with each siRNAs was normalized against the values obtained with GAPDH mRNA. The mRNA in cells inoculated with HEV alone served as control, and the mRNA in inoculated cells transfected with scrambled siRNA was used to identify the specificity. All procedures were performed in triplicate and data are expressed as means (±S.D.). (B) The inhibition of HEV mRNA expression by HEV specific siRNAs was dose-dependant.

To optimize the inhibitory effect of siRNA on HEV transcription, a viral mRNA yield reduction assay was conducted by transfection A549 cells with each siRNAs at indicated doses. As shown in [Fig. 4](#fig4){ref-type="fig"}B, transfection of 1 nM/well of each siRNAs just induced an approximately 60% reduction in viral mRNA. However, with the dosage of siRNAs increasing, the HEV mRNA decreased. When the amount of siRNA reached 10 nM/well, the highest inhibition of HEV transcription was obtained. The data indicated that the suppression of HEV transcription by siRNA was dose-dependent.

3.5. Western blot
-----------------

To analyze further the efficiency of suppression of the HEV protein synthesis by siRNA, A549 cells were collected for Western blot analysis. Only the cells infected with HEV expressed the expected ∼71 kDa protein band ([Fig. 5](#fig5){ref-type="fig"}-HEV), while uninfected A549 cells showed no protein band reacting with anti-HEV antibody. Western blot showed that HEV putative structural protein expression was reduced significantly in cells transfected with HEV specific siRNAs ([Fig. 5](#fig5){ref-type="fig"}-si-ORF2-1 to si-ORF2-4) compared with cells infected with HEV alone or transfected with scrambled siRNA ([Fig. 5](#fig5){ref-type="fig"}-HEV and -scrambled). GAPDH was used as a loading control in this experiment.Fig. 5Inhibitory effect of HEV protein expression by siRNAs. Western blot was performed on equal amounts of protein harvested from transfected HEV specific siRNAs (10 nM) A549 cells at 72 h post-inoculation. GAPDH was used as a loading control. M: Marker; HEV: HEV inoculated alone; scrambled: scrambled siRNA transfection; si-ORF2-1: si-ORF2-1 transfection; si-ORF2-2: si-ORF2-2 transfection; si-ORF2-3: si-ORF2-3 transfection; si-ORF2-4: si-ORF2-4 transfection.

In conclusion, the results demonstrated that highly efficient inhibition of HEV transcription by HEV specific siRNAs in A549 cells was obtained.

4. Discussion
=============

HEV is a major cause of enterically transmitted acute hepatitis of adults and is highly lethal in pregnant women. The HEV ORF2 gene is highly conserved in four genotypes and is the most important structural region of the virus. Evidence from epidemiological, animal transmission and vaccine studies had indicated that the ORF2 gene is a suitable region for HEV treatment studies. Therefore, the HEV ORF2 gene was chosen as the target for siRNAs gene silencing in the current study.

RNA interference has showed great promise as an antiviral therapy since its discovery in mammalian cells ([@bib7]). Its application *in vitro* and *in vivo* has shown it to be a new and efficient approach for inhibition of viral infection. However, as also shown in this study, different siRNA sequences have different interference efficacies, which depending on the characteristics of the target RNA, including local RNA folding and the accessibility of the siRNA-binding site on the target RNA ([@bib21], [@bib35]). The highest potential efficiency of interference is considered a high knockdown that avoids the degradation of untargeted genes (off-target effects) with the fewer siRNAs ([@bib22]).

RNA interference in viral infection has been the focus of numerous studies ([@bib25], [@bib29]), and an effective and specific interference in HEV transcription was obtained in A549 cells in the current study. RNAi, its exquisite specificity in seeking targets, which determines the exclusive protection against hepatitis E virus. HEV specific siRNAs were capable of preventing HEV infection in A549 cells. Antiviral activity was demonstrated both in mRNA transcription level by Real-Time qPCR and in protein expression level by Western blot. These findings indicate that this protocol may be an effective antiviral strategy for protecting host cells against viral invasion.

The siRNA is very effective *in vitro*; however, there are many obstacles to application of RNAi *in vivo* as a therapy. The main obstacles are prevention of degradation of siRNA and avoidance of side effects to the host induced by siRNA itself. [@bib6] and [@bib11] mentioned the toxicity of both siRNA or shRNA expression vectors *in vitro* and *in vivo*, and cell apoptosis was observed when vectors were introduced at a high concentration. Although the RNAi pathway is a promising treatment for cancer, virus and hepatitis therapy, there are serious safety issues that first need to be addressed ([@bib27]). There needs to be a focus on decreasing the toxicity that accompanies siRNA treatment.

In conclusion, the present study demonstrated that HEV specific siRNAs could specifically and effectively suppress HEV transcription and translation in A549 cells. These results indicate that RNAi can be a potential antiviral therapy for suppression HEV infection. Further study is required to determine the effectiveness and the safety of RNA interference as a means of protection against HEV infection *in vivo*.
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